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Adsorption of argon from sub- to supercritical conditions on graphitized
thermal carbon black and in graphitic slit pores: A grand canonical
Monte Carlo simulation study
D. D. Doa and H. D. Do
Department of Chemical Engineering, University of Queensland, Saint Lucia, Qld 4072, Australia
Received 14 February 2005; accepted 16 June 2005; published online 29 August 2005
In this paper we consider the adsorption of argon on the surface of graphitized thermal carbon black
and in slit pores at temperatures ranging from subcritical to supercritical conditions by the method
of grand canonical Monte Carlo simulation. Attention is paid to the variation of the adsorbed density
when the temperature crosses the critical point. The behavior of the adsorbed density versus pressure
bulk density shows interesting behavior at temperatures in the vicinity of and those above the
critical point and also at extremely high pressures. Isotherms at temperatures greater than the critical
temperature exhibit a clear maximum, and near the critical temperature this maximum is a very
sharp spike. Under the supercritical conditions and very high pressure the excess of adsorbed
density decreases towards zero value for a graphite surface, while for slit pores negative excess
density is possible at extremely high pressures. For imperfect pores defined as pores that cannot
accommodate an integral number of parallel layers under moderate conditions the pressure at which
the excess pore density becomes negative is less than that for perfect pores, and this is due to the
packing effect in those imperfect pores. However, at extremely high pressure molecules can be
packed in parallel layers once chemical potential is great enough to overcome the repulsions among
adsorbed molecules. © 2005 American Institute of Physics. DOI: 10.1063/1.1996573
I. INTRODUCTION
Understanding of adsorption of gases and vapors on sur-
faces as well as in porous materials has been made possible
with advanced tools of Monte Carlo MC simulation,
molecular-dynamics MD simulation,1,2 and density-
functional theory3–5 DFT. The success of these tools in
terms of their prediction depends on the appropriate choice
of the potential equation for intermolecular interaction. There
are many different equations for the calculation of fluid-fluid
interaction energy that are available in the literature, and one
of the simplest equations is the popular Lennard-Jones LJ
12-6 equation. This is an empirical equation, and therefore
its molecular parameters are regarded as the effective param-
eters. These parameters are usually obtained from the fitting
of the simulation results against some appropriate macro-
scopic quantities. One reason for the popular use of the LJ
12-6 equation rather than other equations in adsorption
problems is that it is consistent with the usage of the well-
known 10-4-3 Steele equation6 for calculating solid-fluid in-
teraction energies. Even with this very simple form of 12-6
Lennard-Jones, there are many different sets of molecular
parameters that are available in the literature for a specific
adsorbate.7 Many were obtained by using the second virial
coefficient, while some are obtained from the matching be-
tween the simulation results and the gas viscosity data.7
Other properties were also used to determine these param-
eters, for example, the liquid radial density distribution, the
spectroscopic data, the vapor-liquid equilibria VLE, etc.
We put forward an argument here that in adsorption studies
where equilibrium is established between the gaseous phase
and the adsorbed phase with ordered structure albeit “or-
dered” liquid, the molecular parameters that can describe
the vapor-liquid equilibria are the most suitable for the de-
scription of adsorption. For the argon used in this paper, we
find that the molecular parameters obtained by Michels et
al.8 are suitable for describing the second virial coefficient as
well as the vapor-liquid equilibria.
Adsorption of subcritical fluids has been well studied in
a vast number of publications in the literature for example,
Gregg and Sing9. We will devote our effort in the study of
adsorption under supercritical conditions and compare its be-
havior with that under subcritical conditions, and this has
attracted good interest recently by many research groups
both experimentally and theoretically because of its impor-
tance in energy storage.10 On the experimental front, equip-
ment design is done with care because of the high pressures
involved in the supercritical adsorption. Some of the design
effort is reported in Vidal et al.,11 Malbrunot et al.,12 and
Zhou and Zhou.13 The design of Vidal et al. and Malbrunot
et al. allowed the measurements at extremely high pressures.
Their first report using this instrument presented isotherms
over a range of pressure up to 650 MPa.14,15 This report was
later corrected16 because of the use of incorrect solid volume
in their previous work. Recently the magnetic suspension
balance was applied to study high-pressure adsorption with
good success.17–19
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The push for supercritical adsorption studies is due to
the need for better database on energy storage of energy-
intensive gases at high pressure in porous materials such as
carbon. Among these gases, methane and hydrogen are most
widely studied.10 Studies of these gases and other gases are
plenty in the literature. The Table I summarizes some of the
typical works into the various experimental studies of super-
critical gases.
Theoretical studies of supercritical fluids stem from not
only the importance of applications such as natural gas stor-
age and hydrogen storage but also the need to better under-
stand the various interesting behaviors observed for super-
critical fluids that are not manifested for subcritical fluids,
with behaviors such as maximum observed in the adsorption
isotherm plotted as surface mass excess versus pressure
when the pressure is sufficiently high. When the adsorption
temperature is very close to the critical temperature, the ad-
sorption isotherm exhibits a sharp spike at pressures close to
the critical pressure, beyond which the adsorption isotherm
decreases very sharply. This is simply due to the sharp
change in the bulk gas density for very small variation in
pressure close to the critical pressure. An example for this
very sharp spike is the adsorption of propane on graphitized
carbon black32 at T=97 and 98 °C the critical temperature of
propane is 96.8 °C.
The maximum in the adsorption isotherm of excess den-
sity versus pressure has long been recognized.33 Others have
also observed this maximum in their investigation.34–41 This
behavior has prompted many researches into the various
theories to explain this maximum. Tables II and III show the
various theoretical approaches pursued by many researchers,
with Table II listing works dealing with empirical and semi-
empirical approaches and Table III for works dealing with
molecular simulation approaches and theories that have basis
in molecular interactions.
Among the empirical approaches, the potential equation
of Dubinin-Radushkevitch DR or Dubinin-Astakhov DA
form is commonly applied. But in so doing the quasisatu-
rated vapor pressure must be introduced. It was considered as
the fitting parameter in addition to the characteristic energy
when fitting it against the supercritical adsorption data. In
applying this equation and introducing the concept of hypo-
thetical vapor pressure, they implicitly assumed that the ad-
sorption mechanism of supercritical fluids also follows the
same pore filling mechanism as that for subcritical fluids.
Kaneko and Murata46 introduced a concept of quasisaturated
vapor pressure and an inherent micropore volume for super-
critical fluids to take the place of vapor pressure and mi-
cropore volume in the DR equation.
In this paper, we present a coherent approach to deal
with adsorption of gases into nonporous graphitized thermal
carbon black GTCB and in slit pores having graphitic walls
within the same framework. With the advanced tool of
Monte Carlo simulation there is no need to make any distinc-
tion between the adsorption of fluids under subcritical con-
ditions and that under supercritical conditions. In dealing
with adsorption of any temperature, one should talk about
the excess amount as this is measured experimentally, and
only when one has to deal with adsorption at temperatures
well below the critical point that the excess amount is almost
the same as the absolute amount. Our paper is structured as
follows. First, we describe briefly the grand canonical monte
carlo GCMC method that we use to generate the simulated
local adsorption isotherms on an open surface and in slit
pores of various sizes. Finally, we present the various behav-
iors of adsorption on open surfaces and in slit pores of vari-
ous sizes, and highlight the differences between adsorption
under supercritical conditions and that under subcritical con-
ditions.
II. THEORY
The simulation tool that we will use in this paper is the
GCMC. This has been well described in many texts in this
area.
1,2
A. Fluid-fluid potential
The fundamental equation behind the GCMC is the one
that calculates the potential energy of interaction between
two particles. Let i and j to denote the particles i and j,
respectively, then the interaction energy between these two
particles is calculated from the classical 12-6 LJ potential
equation:
i,j = 4/ri,j12 − /ri,j6 . 1
Equation 1 performs very well for simple LJ fluids, such as
noble gases and other simple gases, in the homogeneous bulk
fluids, i.e., when there is no external interaction imposed on
these bulk fluid particles. When two particles are close to a
surface for example, in the case of adsorption, the presence
of the surface affects the way these two particles interact
with each other. This effect results in a reduction in the in-
termolecular potential energy because of the polarization of
the particles by the electric field emanating by the surface.
Do et al.81 have introduced the surface-mediated reduction
factor, with a damping factor as an additional parameter to
account for this reduction. The effective intermolecular po-
tential energy of interaction is given by the following empiri-
cal equation:
i,j
eff
= g i,j , 2
where g is the reduction factor and is a function of the solid-
fluid interaction energies of the two particles,
gi,s /kT , j,s /kT. This function can be assumed to be a
function of the geometric mean between these two interac-
tion energies, that is gij,s /kT, where ij,s is the geometric
mean. Do et al.81 suggested the following approximate form
for this reduction factor:
g = exp−  ij,s/kT , 3
where  is called the surface damping constant. For argon
dealt with in this paper, we have found that the surface
damping constant takes a value of 0.005.
The substrate mediation effect has long been recognized,
and there are works dealing with this problem theoretically
and various studies have used it in the computer simulation.
For example, Cheng and Steele,82 in their study of argon
adsorption on graphite, have reduced the well depth of the
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TABLE I. Experimental studies of supercritical fluids.
Authors Gas Solid and its properties Conditions Remarks Theor. analysis
Malbrunot et al. Ref. 14 Ar, Kr AC GAC250 298 K Dielectric method Phenomenological
model and theories
on virial expansions
Ne, N2 Sg=1030 m2/g Pmax=650 MPa
CH4 Vg=0.55 cc/g
Vermesse et al. Ref. 15 He, Ne Zeolite 3A, 4A, 5A, and 13X 298 K Dielectric method Statistical
thermodynamicAr, Kr Sg4A=400 m2/g Pmax=500 MPa
N2,CH4 Sg5A=400 m2/g
Sg13X=600 m2/g
Malbrunot et al. Ref. 16 He, Ar Graphitized carbon black 298 K Reanalyze of their 1992
data because of wrong
use of helium density.
Monte Carlo
Kr, Ne AC GAC250 Sg=1030 m2/g Pmax=650 MPa
N2,CH4
Bernard and Chahine Ref. 20 CH4 Activated carbon CNS-201 243–333 K Ono-Kondo analysis
Sg=1150 m2/g Pmax=16 MPa
Vg=0.45 cc/g
Salem et al. Ref. 21 Ar Activated carbon AS 258–418 K A range of T; but lower-
pressure range
Grand canonical MC
and DFTN2 Sg=1020 m2/g Pmax=20 MPa
CH4 Vg=0.46 cc/g
Darkrim et al. Ref. 22 H2 Activated carbon AX21 293 K Superhigh surface area
N2 Sg=2800 m2/g Pmax=500 MPa for N2
b=0.3 g/cc
GAC250 Sg=1030 m2/g Pmax=60 MPa for H2
Dreisbach et al. Ref. 23 CH4,N2 Norit R1 298 K Pure and mixture
dataCO2 SgNorit R1=1262 m2/g Pmax=6 Mpa
VgNorit R1=0.64 cc/g
Darkrim et al. Ref. 24 H2 NaA zeolite 293 K Monte Carlo
simulationPmax=140 MPa
Aoshima et al. Ref. 25 Xe ACF P5, P10 and P20 196 and 300 K Knowledge of
micropore filling of
supercritical Xe is
useful for Xe probe role
in NMR pore
characterization
Supercritical DR
equation analysisSgP5=900 m2/g
VgP5=0.336 cc/g
SgP10=1435 m2/g
VgP10=0.614 cc/g
SgP20=2190 m2/g
VgP20=1.136 cc/g
Bernard and Chahine Ref. 26 H2 Activated carbon AX21 77–273 K Superhigh surface area,
but lower-pressure
range
Sg=2800 m2/g Pmax=6 MPa
b=0.3 g/cc
Beutekamp and Harting Ref. 27 Ethane 13X 298 K Gravimetric
measurements
Pure and mixture
dataMethane 13X Pmax=15 MPa
Nitrogen Norit R1
CO2 Norit R1
SgNorit R1=1262 m2/g
VgNorit R1=0.64 cc/g
Sg13X=383 m2/g
Vg13X=0.26 cc/g
Herbst and Harting Ref. 28 Ar Norit R1 298–343 K Gravimetric
measurements
Optimization of the
three-parameter
isothermal equation
CH4 Sg=1339 m2/g Pmax=50 MPa
N2 Vg=0.6446 cc/g
Zhan et al. Ref. 29 H2 Superhigh surface area AC 93–293 K Limitation of DA and
DR equations in
describing adsorption in
AC
The linear
comprehensive
adsorption isotherm
model
Sg=3886 m2/g Pmax=7 MPa
Vg=1.8 cc/g
Zhou et al. Ref. 30 Nitrogen Silica gel 103–298 K Determination of
compressibility factor is
essential
Equation of state of
real gasesMethane Sg=335 m2/g Pmax=10 MPa
Vg=0.6 cc/g
Sudibandriyo et al. Ref. 31 Methane Filtrasorb 400 AC 318 K Carbon dioxide data is
useful as reference for
designing
apparatus/technique of
high P adsorption of
supercritical gases.
Pure and mixture
data
Nitrogen Sg=850 m2/g Pmax=13.6 MPa
CO2
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fluid-fluid interaction by 15% whenever both atoms in a pair
are in the first adsorbed layer. This approach does give a
discontinuity in the energy calculation as there are particles
that are just a minute distance from the first layer.
B. Molecular parameters
In the recent work of Do and Do,83 we have studied the
various potential models for simple gases, and have found
that the molecular parameters suggested by Michels et al.8
are the most suitable to correctly describe the vapor-liquid
equilibria and adsorption of argon on graphitized thermal
carbon black, =3.405 A and  /k=119.8 K. This set of mo-
lecular parameters has been used and validated by many
workers.84,85
C. Solid-fluid interaction energy
For the GTCB, the surface is modeled as a structureless
surface, and therefore the solid-fluid potential energy can be
calculated from the well-known 10-4-3 Steele equation.6 The
interaction potential energy between the particle i and the
homogeneous flat solid substrate is calculated from
i,s = 4Cf ,sf ,s2	15f ,szi 10 − 12f ,szi 4
−
f ,s4
6	0.61	 + zi3
 , 4a
where C is the volumetric carbon atom density
114 nm−3 ,	 is the spacing between two adjacent graphene
layers 3.354 A, and zi is the distance of the particle i from
the surface. The solid-fluid molecular parameters, the colli-
sion diameter and the interaction energy, are calculated from
the Lorentz-Berthelot LB mixing rule. The solid-fluid inter-
action energy is usually adjusted with the introduction of the
solid-fluid binary interaction parameter, ksf such that the
Henry constant is reproduced by the GCMC simulations, that
is,
f ,s = 1 − ksf	f ,fs,s. 4b
The parameters associated with carbon atom used in our
simulation are s,s=3.4 A and s,s /k=28 K. For matching
the Henry constant of argon on GTCB at various tempera-
tures, it was found that this binary interaction parameter is
0.015.
TABLE II. Summary of the literature review on empirical and semiempirical approaches.
Authors Methods Application
Lowry and Olmstead Ref. 42 Equation of state EOS
Barrer and Robins Ref. 43 Equation of state EOS
Ozawa et al. Ref. 34 DA equation with quasisaturated
vapor pressure
Ar, N2,CH4,CO2/MSC-5A
T=25,50,75 °C
P→170 atm
Wakasugi et al. Ref. 36 Potential theory with quasisaturated
vapor pressure
Ar, N2,CH4, CO, CO2,C2H4,C2H6,N2O/Linde 5A, 13X,
T=25, 50, 75 °C
P=1→180 atm forN2
P=1→100 atm for other gases
Agarwal and Schwarz Ref. 44 Potential theory with quasisaturated
vapor pressure
CH4,C2H4,C2H6,C3Hg,CO2,N2/activated carbon
T
Tc :C3Hg
TTc :CH4,N2
Tc
T
Tc :C2H4,C2H6,CO2
P→60 atm
Amankwah and Schwarz Ref. 45 DA equation with quasisaturated
vapor pressure
CH4,H2/AXC, NAC, 23C, MSC
T=Tc
P→12 atm
Kaneko and Murata Ref. 46 Quasisaturated vapor pressure Supercritical gas NO, N2,CH4/ACF P10, P20, HSACAX21,
MgO-AX21, aM-24, Msorb-24
Murata and Kaneko Ref. 41 Langmuir fitting and Vads one constant Supercritical gas CH4/AX21, NPC
T :273→303 K
Zhou et al. Ref. 30 Langmuir-Freundlich fitting and Vads one
proportional to density
N2,CH4/Silica gel
Tc
T
Tc
Humayun and Tomasko Ref. 47 2D-EOS and Peng-Robinson EOS CO2/AC
Dreisbach et al. Ref. 18 Isotherm fitting He, CH4,N2,Ar/ACs
T=298 KPmax=50 MPa
Do and Do Ref. 48 Toth equation fitting and Vads one constant Ar, Kr, N2 ,CH4,C2H6/graphon, CMS1, CMS2, GAC250,
KOH-AC, A10, AX-21
Ustinov et al. Ref. 49 Element of adsorption volume Ar, N2,CH4,C2H6,CO2,He/Norit R1
T=25→70 C
Ustinov et al. Ref. 50 Element of adsorption volume CH4–CO2,N2–CO2,N2–CH4/Norit R1
P=→15 MPa
Zhan et al. Ref. 29 Improved DA equation Supercritical H2/AC
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TABLE III. Summary of the literature review on potential, DFT, and molecular simulation approaches.
Authors Methods Application Remarks
Fischer et al. Ref. 51 Potential calculation
Tan and Gubbins Ref. 52 Monte Carlo Methane and ethylene/AC The choice of hard-sphere
fluid diameter is important.NL-DFT
Matranga et al. Ref. 53 Monte Carlo Methane/AC The slit model is an
oversimplification of the real
activated carbon.
Kim et al. Ref. 54 Continuum mechanics Krypton in CMS Extension of continuum
mechanics to a microscale
system.
Jiang et al. Ref. 39 Monte Carlo CH4 and ethane/AC Better knowledge of structure
and properties of AC and
pore swelling phenomenon
are needed.
NL-DFT
Vermesse and Levesque Ref. 55 Monte Carlo Rare gases Need to have an adequate
definition of the Gibbs
surface.Pmax=500 MPa
Kaneko et al. Ref. 56 Monte Carlo N2/AC Definition of effective pore width.
T=303 K, Pmax=10 MPa
Rangarajan et al. Ref. 57 Simplified local-density model
SLD with VdW EOS
Ethylene, krypton/graphitized
carbon black
SLD is only served as a good
first approximation.
Subramanian et al. Ref. 58 Simplified local-density model
SLD with Peng-Robinson
EOS
Ethylene, krypton, propane/graphon Limitation of using the
adjustable parameters.Ethylene and carbon dioxide/pyrene
Carbon dioxide/naphthalene
Subramanian and Lira Ref. 59 Simplified local-density model
SLD with Peng-Robinson
EOS
Ethylene/graphon flat wall Dealing with binary mixtures.
Ethylene/slit
Ethylene/activated carbon
Aranovich and Donohue Refs. 60 and 61 Ono-Kondo
Darkrim et al. Ref. 62 Monte Carlo N2 and H2/graphite and slits
T=293 K; Pmax=600 MPa
Chen et al. Ref. 63 Monte Carlo CH4/Slit pores Variation in the density of
carbon atoms in the pore wall
has a significant influence
on adsorbed methane density.
Gusev et al. Ref. 64 Monte Carlo CH4/BPL activated carbon More effective in assessing
PSD when larger range of
pressure is used.
Neimark and Ravikovitch Ref. 65 NL-DFT CH4,N2,He/active carbon Definition of excess
adsorption is independent of
the pore boundary setting.
Rzepka et al. Ref. 66 Monte Carlo Slit pore and carbon nanotubes No different result in using
hexagonal or rectangular
circumference of the
nanotubes.
Heuchel et al. Ref. 67 Monte Carlo CH4 and CO2 in AC A35/4
Darkrim et al. Ref. 24 Monte Carlo H2/NaA Adjustable parameterization
of Van der Waal interactionT=293 K; Pmax=140 MPa
Suzuki et al. Ref. 68 Monte Carlo N2/MSC Result reasonably agree with
i analysis.
T=303 K
Pmax=0.1 MPa
Benard and Chahine Ref. 69 Ono-Kondo H2/activated carbon AX-21 Demonstrate the usefulness
of Ono-Kondo model to
storage applications of
activated carbon.
Soule et al. Ref. 70 Simplified local-density model
SLD with Elliot-Suresh
-Donohue EOS
Ethylene, ethane, propane,
propylene, butane, nitrogen,
acetylene, carbon dioxide/ACs
ESD equation more
accurately represents the
temperature dependence of
adsorption as compared to
Peng-Robinson equation.
Murata et al. Ref. 71 DFT DFT results still be needed to
validate the new AVM
adsorbed volume mapping
method.
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D. Grand canonical Monte Carlo simulation
In the GCMC simulation, the parameters associated with
the simulation used in this paper are i the box length in the
case of slit pore is at least ten times the collision diameter,
ii the cutoff radius is half of the box length, iii the number
of cycles for equilibration step is 50 000 and that for the
statistics collection is also 50 000, and iv in each cycle,
there are N displacement moves, where N is the number of
particles in the simulation box.
For the open surface of graphite, the isotherm is ex-
pressed in terms of the surface excess excess, while for the
case of graphitic slit pore, it is in terms of excess pore den-
sity excess. They are obtained from the GCMC simulation as
below:
excess =

N − V
LxLy
, 5a
excess =

N
LxLyH − 2z0 +  f f
−  , 5b
where z0 is the distance from the plane passing through the
outermost layer of carbon atoms at which the solid-fluid
potential is zero,  f f is the collision diameter of adsorbate
molecule, 
N is the ensemble average of the number of par-
ticle in the simulation box,  is the bulk gas density, V is the
volume accessible to particles, and Lx and Ly are the simula-
tion box lengths in the x and y directions, respectively. Here
we use the effective width suggested by Everett and Powl86
and Kaneko et al.56 as the width accessible to adsorbate
molecules.
III. RESULTS AND DISCUSSION
For temperatures less than the critical temperature, the
adsorption isotherm on a surface has a type II, according to
the IUPAC classification.9 For temperatures just slightly
above the critical temperature, the isotherm behaves very
much like that of subcritical temperatures i.e., type II for
pressures less than the critical pressure. Once the pressure
just exceeds the critical pressure, the excess density de-
creases very sharply towards the zero value because of the
sharp change in the bulk density for a small change in pres-
sure in the neighborhood of the critical point. This behavior
persists for higher temperatures but the sharp peak is re-
placed by a maximum, and this maximum decreases in mag-
nitude and the pressure, at which this maximum occurs,
shifts to higher value for higher temperatures.
To understand how the surface excess behaves, it is use-
ful to present the excess amount in terms of the bulk density
as follows:
TABLE III. Continued.
Authors Methods Application Remarks
Ohkubo et al. Ref. 72 Monte Carlo N2 and methane/CMK-1
mesoporous carbon
RSP and future optimum
model must contain
geometrical features which
reflects the interaction
potential between adsorbate
and pore wall.
Cao et al. Ref. 73 Monte Carlo CH4/pillared layered pores The optimized porosity at
which the largest adsorption
amount is achieved is not the
largest porosity.
Do et al. Ref. 74 MLST Argon, krypton, methane, ethylene
and SF6 on carbon black
Negative surface excess is
not possible for open surface.Monte Carlo
Ustinov and Do Ref. 75 DFT and Bender EOA Nitrogen, argon, methane, and
carbon dioxide/Norit R1 AC
Skeletal density of AC is
treated as fitting parameter.
Puziy et al. Ref. 76 Simplified local-density model
SLD with Bender EOS
Nitrogen and methane/ACs SLD model with Bender
EOS is more satisfactory
than SLD model with ESD
Elliot-Suresh-Donohue
equation of state.
T=25–70 °C; Pmax=50 MPa
Hocker et al. Ref. 77 Ono-Kondo CO2/13X and silica gel
Gao et al. Ref. 78 Ono-Kondo CO2/NaY Hump near the critical point
is not strictly due to
micropores.
Nguyen and Bhatia Ref. 79 NL-DFT Adsorption uptake supercritical
gases methane, ethane, and argon
in BPL and Norit R1 extra carbon,
Pmax=60 MPa
FWT finite wall thickness
model suitable for different
gases.
Fu et al. Ref. 80 Continuum mechanics Ar, Kr, CH4/graphon Continuum mechanic in
conjunction with empirical
EOS vs molecular-based
theories.
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nexb = Va¯b − b , 6
where ¯ and Va are the average density and volume of the
adsorbed phase, respectively. The behavior of the excess
amount with density at very high pressure will give us some
insight into the difference between the average density of the
adsorbed phase and the bulk gas density. Let us consider this
equation for two separate cases. The first case is the open
surface while the second is the slit pore. In the first case, the
surface excess is defined as nexb /S, where S is the surface
area of the solid. Since the adsorbed phase volume con-
stantly increased and the average density of the adsorbed
phase is generally greater than the bulk gas density, the sur-
face excess in the case of an open surface is never negative.
For very weak surfaces, the average density of the adsorbed
phase can become less than the bulk gas density at high
pressure, and it is only then that the surface excess becomes
negative. Do et al.74 applied the molecular layer structure
theory and have shown that it is the case for hypothetical
weak surfaces, for example, in the case of graphite surface
we have shown that the well depth of solid carbon atom has
to be reduced by a factor of 8 before a negative surface
excess can be observed. On the other hand, in the case of a
slit pore the adsorbed phase volume is taken to be the pore
volume, the average excess pore density is defined as
nexb /Va= ¯−b. When pressure is high enough, the aver-
age pore density will approach a constant and therefore the
excess pore density will decrease linearly with the bulk gas
density. Eventually the excess pore density will become
negative at extremely high pressures. We will show that this
is readily occurred for imperfect pores whose widths are
such that integral number of layers cannot be accommodated.
The differences between adsorption on open surfaces and
that in pores are subtle, and let us first discuss the adsorption
on an open surface of graphite.
A. GCMC simulation of GTCB
The calculation of the surface excess on open surface of
graphite requires the bulk gas density. This bulk gas density
can be either calculated from the LJ equation of state ob-
tained by Johnson et al.87 or from the GCMC simulation of
the bulk phase. Both cases give the same results for the bulk
gas density. Figure 1 shows the isotherm of surface excess in
terms of pressure top curve and the bulk gas density versus
pressure at the bottom curve for the case of argon adsorption
on GTCB at 253 K. There are a number of features that we
could derive from this supercritical adsorption isotherm for
an open surface.
1 The excess density exhibits a maximum.
2 The decreasing part of the surface excess isotherm is
more gradual than the increasing part, and this gradual
decrease is in phase with an increase of the bulk den-
sity.
3 Up to 100 MPa 1000 atm, the surface excess re-
mains positive
If we now present the isotherm as the plot of the surface
excess density versus the bulk gas density as shown in Fig. 2
in log-log scale, a number of features emerge. The maximum
observed in the plot of surface excess versus pressure Fig.
1 is again seen in this plot of surface excess versus the bulk
gas density Fig. 2. In the low-pressure region, we observe a
typical Henry law behavior as reflected in the slope of unity
dashed line. On the other hand, in the region of high pres-
sure, we see that the curve also approaches a linear asymp-
tote dashed-dotted line and the slope of this linear asymp-
tote is about −15. This means that the surface excess has the
following asymptote with density as follows:
FIG. 1. Surface excess top and bulk gas density bottom vs pressure for
argon adsorption on graphite at 253 K.
FIG. 2. Surface excess vs bulk gas density for argon adsorption on graphite
surface at 253 K.
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lim
P→
nex =

b
15 . 7
Thus the difference between the average density of the ad-
sorbed layer and the bulk gas density decays as 1/15. This
also means that the average density of the adsorbed layer
never reaches a constant as assumed in many works, but
rather it increases in excess of the bulk density by an amount
given in Eq. 7, at least over the region where this equation
has been fitted.
To understand how adsorption occurs in various layers
above the surface as a function of pressure, we present in
Fig. 3 the local-density distribution versus distance from the
surface at 253 K. This figure shows that the adsorption has a
layering mechanism with layers being parallel to the flat sur-
face of graphite. We see that at the highest pressure studied,
100 MPa, there are three layers that can be identified on the
surface with the density of the first layer being substantially
greater than the other layers. Another point that we observe
is that the density of the first layer is constantly increasing
even up to a pressure of 100 MPa but with a reduced rate at
very high pressures. To clearly show the local-density distri-
bution under supercritical conditions, we present in Fig. 3 the
local-density distributions for three values of pressures 10
MPa: dotted line; 20 MPa: dashed line; and 100 MPa: solid
line at 253 K. It does indeed confirm the densification of the
first layer which has a propagating effect on the densification
of the second layer. The propagation effect extends to the
third layer at very high pressures. Note that the pressure of
10 MPa is the pressure at which the surface excess is maxi-
mum while the pressure of 20 MPa is the pressure at which
the fluid-fluid interaction starts to dominate the solid-fluid
interaction.
To further illustrate the densification rather than con-
densation of argon under supercritical condition, we present
in Fig. 4 the snapshots of particles of the first layer for the
three values of pressure used in the plots of the local-density
distribution of Fig. 3 P=10, 20, and 100 MPa.
We can see from these snapshots that there are still va-
cant spaces in the first layer even at very high pressures
100 MPa1000 atm in Fig. 4c. The particles tend to
form clusters and the cluster size increases with pressure due
to the densification. This is the characteristics of supercritical
fluid, that is, no condensation in either two dimensions or
three dimensions.
1. Effects of temperature
We have seen some characteristics of adsorption on an
open flat surface under supercritical conditions. How do they
vary with temperature, including temperatures below the
critical point? Let us now investigate the effects of tempera-
ture on the adsorption isotherm. The specific questions are
that i would the maximum persist at all temperatures that
are greater than Tc and ii what happens to the pressure at
which the maximum occurs. We select 253 K which is far
above the critical temperature of 150.9 K, two temperatures
of 158 and 166 K, which are just above the critical tempera-
ture, and 150 K, which is just below the critical temperature.
The difference between these isotherms lies in the shape of
the surface excess isotherm, as shown in Fig. 5. The subcriti-
cal isotherm of 150 K exhibits the typical type-II isotherm,
according to the IUPAC classification.9 The spike observed
for 158 K occurs at 5 MPa, which is just slightly greater than
the critical pressure 4.874 MPa. The sudden drop in the
surface excess is due to the fact that the bulk density has a
sigmoidal shape near the critical point. In the neighborhood
of the critical point, the change in pressure is very insignifi-
cant compared to the large change in density, shown at the
bottom graph of Fig. 5 in which we plot the bulk gas density
versus pressure for the four temperatures. The dashed line
represents the vapor pressure at subcritical temperature of
150 K.
With regard to the maximum, all the isotherms at tem-
peratures greater than the critical temperature exhibit this
maximum phenomenon. The subcritical isotherm exhibits
type II and the surface excess is very large when the pressure
approaches the vapor pressure p0. However, if adsorption at
150 K is continued at pressures greater than p0 that is, when
the bulk phase is liquid, the surface excess would exhibit a
sudden drop in magnitude because the bulk phase is now a
liquid phase with density being much greater than that when
pressure is less than p0.
We now turn to the second question on the pressure at
which the surface excess is maximum. Observing the maxi-
mum of the surface excess versus pressure the top graph of
FIG. 3. 2D-density distribution of argon vs distance from the surface at
three values of pressure 10, 20, and 100 MPa.
FIG. 4. Snapshots of argon particles in the first layer at 253 K for three
values of pressure, a 10 MPa, b 20 MPa, and c 100 MPa.
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Fig. 5 and the behavior of the bulk gas density versus pres-
sure the bottom graph of Fig. 5, it suggests that the maxi-
mum occurs at or at near the pressure at which the first
derivative of the bulk density with respect to pressure is
maximum. To check this we plot in Fig. 6 this derivative as
a function of pressure top graph of Fig. 6. For clarity we
multiply the derivative for the case of 166 K by a factor of 5
and that for the case of 253 K by a factor of 10. Also in Fig.
6, we present the plot of the surface excess versus pressure
the bottom graph and the positions dashed line at which
the derivative db /dP is maximum. Thus we conclude that
the maximum behavior in the surface excess versus pressure
is associated with the change in the behavior of bulk gas
density versus pressure for the case of the open surface. We
will discuss this behavior for the case of the slit pores later in
Sec. III B.
Let us now explore how temperature affects the behavior
of the surface excess versus the bulk gas density. This is
shown in Fig. 7. Unlike the plots versus pressure of Fig. 5,
the maximum observed in this plot of surface excess versus
bulk density is not that sharp, especially the two tempera-
tures close to the critical point 158 and 166 K. In this figure
Fig. 7 we present the plots in log-log scale and interestingly
we see that the behavior of surface excess versus bulk den-
sity at three supercritical temperatures is quite the same in
the range of high bulk density 40 kmol/m3. They reach
the same asymptote, having a slope of −15. This means that
the limit of the difference between the average density of the
adsorbed phase and the bulk gas density is proportional to
1/15.
We have addressed the basic features of adsorption of
supercritical fluids and their differences from that of subcriti-
cal fluids for an open graphite surface. Let us now turn to
those behaviors for adsorption of sub- and supercritical fluids
in slit pores having graphitic walls, and investigate for any
new features that occur with argon adsorption in the confined
space of slit pores but not on open surfaces.
FIG. 5. Surface excess top graph and bulk gas density bottom graph vs
pressure for argon adsorption on graphite at 150, 158, 166, and 253 K the
vertical dashed line is the vapor pressure at 150 K.
FIG. 6. Top graph Plot of the first derivative of the bulk gas density vs
pressure. Bottom graph Plots of the surface excess vs pressure at 158, 166,
and 253 K.
FIG. 7. Surface excess vs bulk density for three values of supercritical
temperatures, 158, 166, and 253 K.
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B. Graphitic perfect slit pores
Investigation of adsorption of slit pores requires an un-
derstanding on the effect of width on adsorption. Beside the
enhancement on the adsorption potential the pore width can
influence adsorption in a way that the pore can pack an in-
tegral number of layers. Those pores that can pack exactly an
integral number of layers under moderate conditions are
called the perfect pores, and other pores are designated as
imperfect pores. The perfect pores that can pack exactly one,
two, three, four, and five layers are 6.5-, 9.5-, 12.5-, 15.5-,
and 19-A pores. Let us start with the first perfect pore of 6.5
A. This will allow us to study the effect of two-dimensional
compression in this pore and choose 253 K as the represen-
tative temperature for supercritical adsorption.
1. 6.5-A pore „one-layer pore…
This pore can accommodate neatly one integral layer,
and since the enhancement in the solid-fluid potential in this
pore is significant the adsorption occurs at a pressure lower
than those of larger pores. Figure 8a shows the excess pore
density curve with the circle symbols in terms of the loga-
rithm of pressure, while Fig. 8b presents the same plot in
linear scale. We see that the maximum of the excess pore
density versus P at 5 MPa is very clear, like what we have
observed with an open surface earlier in Sec. III A but the
pressure at which the maximum occurs pm for the case of
an open surface is 12.5 MPa. Thus the pressure pm shifts to
lower values for smaller pores.
Another two features observed with slit pores are not
manifested with adsorption on open surfaces. One is the
negative excess pore density and this is simply because it is
easier to compact particles in the three-dimensional space of
the bulk phase than to do so in two-dimensional space at
extremely high pressure, resulted from the greater fluid-fluid
interaction than the solid-fluid interaction. This transition
from the positive excess pore density to the negative one
occurs at an extremely high pressure of 200 MPa
2000 atm, at which the pore density is becoming less
than the bulk gas density. Another feature noted is the small
shoulder on the decaying part of the isotherm, which occurs
at about 700 MPa point A in Fig. 8. To find out the reason
for this small shoulder, we plot the absolute pore density as
well as the bulk gas phase density as a function of pressure,
as shown in Fig. 8 as the line with the triangle symbols and
the solid line, respectively. It is clear that the small shoulder
is due to the fact that the maximum packing in the pore has
been reached while the bulk density keeps increasing. We
have
FIG. 9. Plot of the excess and absolute pore density vs bulk gas density for
slit pore of 6.5 A and at 253 K.
FIG. 10. Comparison between subcritical adsorption at 87.3 K and super-
critical adsorption at 253 K solid line with symbols: absolute pore density
and solid line: excess pore density.
FIG. 8. Plot of the excess density circle symbols, absolute pore density
triangle symbols, and bulk gas density solid line. a Log scale of pres-
sure axis and b linear scale of pressure axis.
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nex = nabs − Vb. 8
Following this equation the shoulder is resulted from the
absolute pore density achieving its saturation value of
34 kmol/m3. At point A onwards pressures higher than 700
MPa, we have constant absolute pore density while the bulk
gas density is steadily increasing, leading to the linear de-
cline of the excess pore density with respect to the bulk gas
density as shown in Fig. 9 where we plot the excess pore
density versus the bulk gas density. In this figure, not only
we see the linear behavior for pressure greater than 700 MPa
corresponding to the bulk density greater than about
50 kmol/m3, we also observe a linear behavior in the range
of bulk gas density from 5 to about 25 kmol/m3. The linear
behavior in this range is not due to the constancy of the
absolute pore density but rather to the approximate linear
increase of the absolute pore density in this range.
It is worthwhile at this point to show the difference be-
tween the supercritical adsorption and subcritical adsorption
in this 6.5-A slit pore. We choose 87.3 K as the temperature
for subcritical adsorption and 253 K for supercritical adsorp-
tion. The pore densities versus pressure for these two condi-
tions are plotted in Fig. 10. The vapor pressure of 87.3-K
subcritical adsorption is 1.013105 Pa. It is clear that ad-
sorption under subcritical conditions occurs at much lower
pressures than the supercritical conditions. The absolute
circle symbols and excess pore densities solid line for the
subcritical conditions are practically superimposed on each
other, and this is simply due to the much lower bulk gas
density compared to the pore density. On the other hand, in
the case of the supercritical conditions these two densities
agree with each other at low pressures P
1 MPa but de-
viate from each other when the maximum is observed. As
mentioned earlier this is due to the combined sharp change in
the bulk density versus pressure and the slower rate of in-
crease in the absolute pore density.
To show the degree of compression of two-dimensional
fluid in this 6.5-A pore, we plot in Fig. 11 the snapshots of
particles for three values of pressure, 1, 10, and 1000 MPa. It
is clear in these figures that at 1 and 10 MPa, the packing is
still far from perfect, and it is not until extremely high pres-
sures greater than 700 MPa 7000 atm that we will see a
nearly perfect hexagonal packing. This pressure corresponds
to the point A in Fig. 8 and 9. This packing cannot be further
compressed with a further increase in pressure as reflected in
the constancy of the absolute pore density.
2. 9.5-A pore „two-layer pore…
Now we investigate the adsorption of supercritical fluids
in 9.5-A graphitic slit pore. This is the pore that can pack
neatly two perfect layers as clearly illustrated in Fig. 12
where we plot the local-density distribution versus distance
from the pore wall for four values of pressure 1, 10, 100,
and 1000 MPa.
We observe a clear formation of two layers for all values
of pressure with the width of each peak being smaller with
an increase in pressure compression and densification.
When the pressure is greater than 500 MPa, there is no fur-
ther change in the density distribution, indicating that the
saturation level has been reached for the absolute pore den-
sity. We should point out here that the invariance of the pat-
tern of the local-density distribution with respect to pressure
is a clear evidence of perfect packing. If the pattern of the
FIG. 11. Snapshots of argon in 6.5-A slit pore at 253 K P=1, 10, and 1000
MPa.
FIG. 12. Local-density distribution vs distance for argon adsorption in 9.5-A
pore at 253 K.
FIG. 13. Left figure: Plot of absolute
pore density triangle symbols, excess
pore density circle symbols, and bulk
gas density solid vs pressure. Right
figure: Plot of absolute pore density
triangle symbols and excess pore
density circle symbols vs bulk gas
density.
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density distribution does change with pressure, the pore is an
imperfect pore as we shall show later for imperfect pores of
8 and 11.5 A.
The adsorption isotherm for the excess pore density ver-
sus pressure is shown in Fig. 13a as the line with the circle
symbols, and that versus bulk gas density is presented in Fig.
13b. Also shown in this figure are the absolute pore density
line with the triangle symbols and the bulk gas density
solid line.
The excess pore density behaves exactly like what we
have seen earlier for the case of the 6.5-A pore. On the de-
creasing part of the isotherm, a small shoulder is also ob-
served point A. Once again this is due to the complete
saturation of the pore and there is no further increase in pore
density while the bulk gas density continues increasing. The
difference between this case and the 6.5 A earlier is the satu-
ration of the pore density occurs at 500 MPa, which is sooner
than the previous case 700 MPa, indicating that it is easier
to compact molecules in larger pores than in smaller ones.
The maximum excess pore density is 18 kmol/m3, compared
to 22 kmol/m3 for the case of the 6.5-A pore. Thus the
smaller is the pore the greater is the maximum of the excess
pore density. This remains to be so for larger pores as we
shall see in the next sections. For pressures greater than the
pressure at point A, we observe a linear decrease of the ex-
cess pore density versus the bulk gas density shown as the
dashed line in Fig. 13b. This is due to the constancy of the
absolute pore density. Again like the case of 6.5 A dealt with
before we also observe a linear behavior in the range of bulk
gas density from 5 to 25 kmol/m3, and this is due to the
approximate linear increase of the absolute density versus
the bulk gas density.
The snapshots for the case of supercritical adsorption
253 K are shown in Figs. 14a and 14b for two values of
high pressure, 100 and 1000 MPa. At 100 MPa Fig. 14a,
the adsorbed layer is still being densified with visible cluster
formation, while at an extremely high pressure of 1000 MPa
Fig. 14b we see a very dense packing of argon in the form
of hexagonal. This perfect packing is very similar to that of
subcritical temperature of 87.3 K, shown in Fig. 14c. What
this means is that the packing of adsorbed molecule is prac-
tically the same between the supercritical and subcritical
conditions.
3. 12.5-, 15.5-, and 19-A pores „three-, four- and five-
layer pores…
We have seen the behavior of excess pore density for the
two perfect slit pores of 6.5 and 9.5 A one-layer and two-
layer pores. Now we consider the other perfect pores that
accommodate larger number of layers to investigate the level
of maximum in the excess pore density. The GCMC-
simulated results are presented in Fig. 15 as excess pore
density versus pressure and Fig. 16 as that versus bulk gas
FIG. 14. a Snapshot at 100 MPa and 253 K of the first layer in 9.5-A pore.
b Snapshot at 1000 MPa and 253 K. c Snapshot at 100 kPa and 87.3 K.
FIG. 15. Plot of absolute pore density
solid line, excess pore density sym-
bols, and bulk gas density dashed
line vs pressure left figure: low-
pressure range and right figure: high-
pressure range.
FIG. 16. Plot of excess pore density top graph and absolute pore density
bottom graph vs bulk gas density for pores 9.5, 12.5, 15.5, and 19 A.
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density for three perfect slit pores, 12.5, 15.5, and 19 A, that
can accommodate perfectly three, four, and five layers, re-
spectively.
Again we see that they exhibit a maximum and negative
excess pore density as we see earlier for 6.5- and 9.5-A
pores. The maximum is lower for larger pores because of
the lesser solid-fluid potential, and the pressure at which this
maximum occurs is slightly larger for larger pores. The
shoulders observed in the decaying part of the isotherm are
again attributed to the attainment of saturation in the absolute
pore density as we have discussed earlier.
The behavior of the excess pore density versus the bulk
density is shown in Fig. 16. The decaying part of the iso-
therm shows two distinct linear regions. The first linear re-
gion is in the range of bulk gas density of 5–25 kmol/m3,
and the second region is in the higher range of bulk gas
density of greater than about 40 kmol/m3. The first region is
due to the approximate linear increase of the absolute pore
density with the bulk gas density, while in the second linear
region 40 kmol/m3 is due to the constancy of the ab-
solute pore density. Very often experimental measurements
were carried out in not very high pressure and when the
excess pore density is plotted against the bulk gas density a
linear asymptote is achieved in the range of 5–20 kmol/m3
and this is treated as the constant absolute amount
adsorbed.31 As a matter of fact such a linear line is a result of
a linear increase of the absolute amount adsorbed with the
bulk density rather than the constancy of the absolute pore
density.
The typical two-dimensional 2D-density distributions
of the perfect pores 12.5, 15.5, and 19 A are shown in Fig.
17. These patterns show clearly the three-, four-, and five-
layer formations in those pores as these peaks are clearly
distinguished at all pressures, suggesting that there is no shift
of particles with respect to distance from the pore surface.
C. Graphitic imperfect slit pores
We have seen the behavior of adsorption in perfect
pores. Now we turn to imperfect pores. Here we shall choose
two such pores to illustrate the differences between perfect
pores and imperfect ones. They are 8- and 11.5-A pores.
Under normal conditions of moderate pressures, the 8-A pore
is too large for one layer and too small for two layers, while
the other pore, 11.5 A, is too large for two layers and too
small for three layers. It is interesting to study the behavior
of adsorption in those imperfect pores under extreme condi-
tions of very high pressure.
Let us consider the excess pore density of these two
so-called imperfect pores. The plots versus pressure are
shown in Fig. 18 while those against the bulk gas density are
displayed in Fig. 19. Yet again we observe the maximum
phenomenon, but we also note a number of distinct differ-
ences from what we have observed before with perfect pores.
1 The pressure at which the excess pore density becomes
negative is much lower than that for perfect pores.
2 The absolute pore density seems to reach a plateau of
low density because of the imperfect packing. Only
when the pressure is very high that the absolute pore
density increases from that apparent low plateau of
density to the final saturation level. This increase oc-
curs in a number of stages.
3 Between the two imperfect 8- and 11.5-A pores, it is
easier to pack argon particles in the 11.5-A pore be-
cause of the larger volume space for rearranging the
particles.
FIG. 17. Local-density distribution vs distance from pore wall for 12.5-, 15.5-, and 19-A pores.
FIG. 18. Plot of excess pore density
circle symbols, absolute pore density
triangle symbols, and bulk gas den-
sity dashed line vs pressure for 8-
and 11.5-A pores left figure: linear
pressure scale and right figure: loga-
rithm pressure scale.
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Let us explain these points. The reason for the excess
pore density to become negative sooner is because the abso-
lute pore density attains an apparent plateau of low density,
which is a direct result of the imperfect packing. It is only
when the pressure is increased much further, the chemical
potential is great enough to overcome the repulsion between
particles. This allows the particles to be compressed to form
two distinct layers in the case of the 8-A pore and three
distinct layers in the case of the 11.5-A pore. This is clearly
supported by the 2D-density distribution of argon in those
pores, as seen in Fig. 20. At low pressures, the chemical
potential is not great enough and particles cannot form two
distinct layers in the 8-A pore. This is shown as two substan-
tially overlapped peaks in Fig. 20a. However, when the
pressure is very high, we see the overlapped peaks split into
two distinct peaks for the case of the 8-A pore and into three
peaks for the case of the 11.5-A pore. As a result of this
splitting, the absolute pore density increased very sharply, as
seen in Fig. 18 and 19.
We now finally consider the effects of temperature in the
adsorption in slit pores. We choose the perfect pore of
9.5 A as a representative one. Plots of the excess and abso-
lute pore densities versus the bulk gas density are shown in
Fig. 21. The general behaviors are the same for all
temperatures. The differences are that i the maximum in the
excess pore density is higher for lower temperatures,
ii the saturation level of absolute pore density is achieved
faster for the case of higher temperature, which is due to the
greater thermal motion of the particles, and iii the absolute
pore density exhibits longer apparent plateau for lower
temperatures.
IV. CONCLUSIONS
We have presented in details the adsorption of argon on
the surface of graphitized thermal carbon black and in slit
pores at temperatures ranging from subcritical to supercriti-
cal conditions by applying the method of grand canonical
Monte Carlo simulation. Features of adsorption are as fol-
lows: i Maximum in the excess pore density and ii the
excess pore density versus bulk density at supercritical con-
ditions has a decaying part with two linear regions. One is
associated with the constancy of the absolute pore density,
while the other is due to the slow linear increase of the ab-
solute pore density. iii Adsorption under supercritical con-
dition at extremely high pressure is greater than that under
subcritical condition. iv Negative excess pore density is
possible with pores and this is because the packing in con-
fined space at very high pressure is not as effective as that in
the bulk phase v The pressure at which the maximum oc-
curs corresponds to the first derivative of the bulk density
with maximum pressure, and this pressure shifts to lower
pressures for smaller pores.
FIG. 19. Plot of absolute and excess pore densities vs bulk gas density for 8-
and 11.5-A pores at 253 K.
FIG. 20. Local-density distribution vs
distance from pore wall with various
values of pressure left figure: 8-A
pore and right figure: 11.5 A pore.
FIG. 21. Plot of absolute and excess pore densities vs bulk gas density for
the 9.5-A pore at 158 and 253 K.
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